Evaluation methodologies for the flow-induced vibration of an elastic beam subjected to an axial flow confined in a narrow passage are reported. In this paper, by using the analytical method already proposed by one of authors, a parameter study is performed on the dynamic stability of an elastic beam subjected to axial flow confined a narrow passage. The effects of support conditions of structures, structural damping, and fluid characteristics on the dynamic stability are clarified. Especially, paying attention on the vicinity of critical velocity, the effects of stabilization or destabilization on flutter and divergence are investigated by changing fluid viscosity and structural damping.
Introduction
A fluid is often used as an energy-transfer medium in industrial machines and structures. Furthermore, the machines and structures must be managed to be in the good operating condition for showing the original aimed functions in a flowing fluid. The velocities of a fluid eventually are increased in order to increase the efficiency and make the structural scale more compact. Such increase in velocity sometimes causes flow-induced vibration of machines and structures. Especially, the influence of a fluid force becomes large when the confined annular flow passage is narrow. Therefore, many complicated vibration phenomena have already been reported (1) ~ (9) .
The author has already reported a stability analysis method on the flow-induced vibration of an axisymmetric elastic beam subjected to a confined axial flow by simplifying the Navier-Stokes equation with some assumptions (10) , (11) . This paper examines how the critical velocities of flutter and divergence change by the differences in support conditions of an elastic beam by using the already proposed method. The parameter study investigates three kinds of beam structures. These are, a cantilever fixed at the upstream end, a cantilever fixed at the downstream end, and a simply support beam, which are common in the manufacturing field of industry. The change of the vibration mode at the moment that it becomes unstable, and the warp of vibration mode after becoming unstable are investigated.
Moreover, the coalescing of two modes, and the exchange or shifting of unstable phenomena from one mode to another are also investigated. Though a part of these results was reported in our previous paper (12) ~ (14) , the influence of the viscosity of a fluid acting on a beam, and the structural damping of the beam on the critical velocities are investigated in this paper continuously. Paying attention on the vicinity of critical velocity especially, the effects of fluid viscosity and structural damping on the stabilization or the destabilization are investigated for flutter and divergence phenomena.
Theory
A beam subjected to an axial flow confined in a narrow passage is considered as shown in Fig. 1 . The outer cylinder is assumed to be a rigid body, while the inner beam is an elastic body. Fluid flows through a narrow passage between these two cylinders. In addition, the inverse case with the elastic body being the outer cylinder and the inner rigid cylinder can be similarly analyzed. U, V, and W are the flow velocities in the circumferential, axial, and radial directions, respectively.
Fig.1 Analysis models
An inner beam is supposed to be subjected to axial flow without whirling and vibrates transversely in the plane of Fig.1 . In addition, an elastic beam is set coaxially inside the circular cylinder with a small gap which is assumed to be sufficiently small compared to the radius and length of the beam as shown in Fig. 1 . Where, H is the gap width ( H is the steady gap width), 0 H ∆ is the displacement of the beam. R out is the inner radius of the cylinder. R in is the radius of the beam. Furthermore, X and Y are in correspondence to the circumferential direction and the axial direction, respectively.
As for the fluid flowing through the narrow passage, the equations of continuity of an incompressible fluid and the Navier-Stokes equations can be applied, and these equations can be expanded for the flow rate further. In addition, the partial differential equation of the Euler-Bernoulli beam is adopted for the beam confined in a narrow passage shown in Fig. 1 . The detailed theoretical development is given in Ref. (10) , but the important points of the derivation of the theory are outlined here.
As the radial gap width is sufficiently small compared with the circumferential length, corresponding to a fluid flowing through a narrow passage, the circular gap part can be represented by orthogonal coordinates. The orthogonal coordinate system (X, Y, Z) is applied in stead of the cylindrical coordinate (θ, Y, R); (X = θ R in , Z = R -R in ). Then, the equations of continuity and the Navier-Stokes equations are expressed as follows:
where U, V, and W are the flow velocities in X, Y, and Z directions, respectively, and W can be considered to be very small compared to the others. P is the fluid pressure, ν is the kinematic viscosity and ρ is the density of the fluid. Let's define the circumferential (X) and axial (Y) flow rates as follows:
When Eqs. (1) and (2) are integrated in the direction of the gap width (Z-direction), then the relation of Eq. (3) are applied to them, the following relationship can be obtained relating flow rate, gap width and pressure: 0 ,
The equation of motion of an elastic beam is expressed by the vibration equation of the Euler-Bernoulli beam in the following.
where ρ s is the density of the elastic beam, A is the sectional area of the beam, c s is the damping coefficient, E is the modulus of longitudinal elasticity of the beam, I is the second moment of the area, 0 H ∆ is the displacement of the beam, and f ∆ is the fluid force acting on the beam, respectively.
The coupled equation between the fluid and the beam is derived from Eqs. (4), (5) and (6) using the boundary conditions. As these equations are nonlinear, the gap width, pressure and flow rate are considered to consist of a steady part and an unsteady part, respectively, allowing for linearization as follows:
where the circumferential steady flow rate is considered to be zero since the circumferential flow velocity is sufficiently small compared to the axial flow velocity. The fluid pressure can be obtained when Eqs. (4) and (5) are linearized by applying the perturbation method by using Eq. (7). The following coupled equation of motion between the fluid and the beam is obtained when this pressure is applied to Eq. (6) for the equation of motion of a beam. The detailed theoretical extension is explained in Ref. (10) .
where {W n } expresses a mode vector, and [M], [C] and [K] are the mass, damping, and stiffness matrices respectively, and, as for subscript s means a beam, and a expresses added matrices by the fluid. The added matrices with subscript a depend on flow velocity, and the values change depending on flow velocity. Therefore, when a solution of Eq. (8) is given for each flow velocity, the complex eigenvalue can be obtained, and it becomes possible to judge a system to be stable or not. Furthermore, the critical velocities of unstable vibration (self-excited vibration), and vibration modes can also be found.
Numerical Simulations and Considerations

Model of Numerical Studies and Specifications
Based on the theory derived in the foregoing paragraphs, simulation studies are performed for three cases shown in Fig. 2 and Table 1 . Figure 2 shows calculation models, and Table 1 Figures 3, 4 and 5 show the Argand (root-locus) diagrams as for CASE1, CASE2, and CASE3, respectively, when a circular beam is subjected to a flowing fluid in a narrow passage (3 [mm] in gap width). The dynamic stability can be distinguished as for each case from these figures.
Complex Eigenvalue Analysis
Case of cantilever fixed at upstream side (CASE1)
Firstly, the second mode becomes unstable as shown in Fig. 3 , and then third mode becomes unstable. In addition, it is found that the second mode stabilizes at the same moment that third mode becomes unstable. At this point, the exchange of an unstable phenomenon happens between both modes. Furthermore, the first mode is found to remain stable at all velocities. In this figure, the common point means that the second eigenvalue coincides with the third eigenvalue. After this flow velocity, an unstable vibration phenomenon shifts from a flutter of the second mode to a flutter of the third mode. Furthermore, both eigenvalues are separated. In addition, in a root locus of Fig. 3 , the horizontal axis shows the real part of the eigenvalue and the vertical axis shows the imaginary part, and their unit is rad/s. They are the same as follows. Figure 4 shows the Argand (root-locus) diagram for CASE2. Firstly, the first mode undergoes divergence, and then gradually the second eigenvalue can be confirmed to reach 0. However, the second mode is found to remain always on the stable side. Therefore, in CASE 2, other modes except first mode do not become unstable after the first mode divergence at the velocity V=0.6m/s, even if flow velocity increases. It is found that only the first mode becomes unstable in CASE 2. It is thought that this phenomenon accords with the physical property of a cantilever fixed at the downstream end very well. For example, from experience, a slim flexible structure such as a toy immediately produces a big bend due to wind with an axial low flow velocity. Figure 5 expresses an Argand (root-locus) diagram of CASE3. In the case of a simply supported beam at the both ends, the first mode undergoes divergence at a velocity V=10.5m/s. Afterwards, the second mode undergoes flutter at V=16.2m/s when flow velocity increases. Furthermore, it is confirmed that the first mode which shows instability of divergence-type jumps to a stable domain at V=20.9m/s when flow velocity increases. After that, the first mode coalesces with the second mode as shown in Ref. (13) . In addition, the third mode undergoes flutter at V=22.4m/s when flow velocity increases furthermore. 
Case of cantilever fixed at downstream end (CASE2)
Case of simply support beam (CASE3)
Influence of Temperature of Fluid and Width of Flow Passage on Critical Velocity
Here, the influence which the difference between a liquid and a gas as for fluid characteristics and the change of the width of narrow flow passage give to the stability of the system is discussed. The critical velocity means the flow velocity at which the real part of complex eigenvalue firstly becomes a positive. A liquid (water) has the property that the viscosity decreases when the temperature rises, and adversely the viscosity in the case of a gas (air) has the property increasing with rising temperature. In this way, it is investigated how the critical velocity becomes when the temperature of the fluid changes under constant pressure. The specifications of the fluid in this calculation are shown in Table 2 .
In this way, it is shown in Figs. 6 and 7 by numerical calculation how the critical velocity varies when the temperature of the fluid changes under constant pressure. Figure 6 shows the case where the fluid is a liquid (water). It is found that the critical velocity increases when the temperature increases. In addition, the critical velocity rises when the passage width becomes large. Figure 7 shows the case where the fluid is a gas (air). From this figure, when the temperature of the gas also becomes high, and the gap width large, the system is stabilized. Besides, further examination is necessary when the predicted critical velocity is beyond the Mach number for which the fluid can be treated as an incompressible fluid.
The viscosity of a liquid (water) has the property that it decreases with rising temperature. Conversely that of a gas (air) increases with rising temperature. On the other hand, the densities of both fluids decrease with rising temperature. Therefore, it can be said that the influence of density becomes predominant, and that the density affects the stabilization of the system. In other words, it may be estimated that the critical velocities in these figures are much affected by the added mass because the density and the gap width is considered to influence the added mass greatly. 
Table2 Characteristics of fluid
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Influence of Fluid Viscosity on Critical Flow Velocity
The system is stabilized with rising the temperature of a fluid without being affected by the kind of a fluid as seen above. In other words, as for the influence of the temperature of a fluid on the stability of a system, the influence of viscosity cannot be grasped due to the predominance of the influence of density. Therefore, let us investigate the influence of viscosity on the stability of the system by assuming a virtual fluid with different viscosities under constant pressure. Table 3 shows the characteristics of the assumed virtual fluid. And, Fig. 8 shows the relationship between the kinematic viscosity and the critical velocity. 5.9×10 -6 9.9×10 -6
1.4×10 -5
1.8×10 -5 Table3.6 Characteristics of fluid
The critical velocity of CASE1 of a cantilever fixed at the upstream end decreases when the viscosity increases. This means the system is destabilized. On the other hand, the critical velocities increase with increasing viscosity in CASE2 and CASE3. That is, the increase of viscosity stabilizes the system. The critical velocity of CASE1 is governed by flutter of the 2nd mode. Moreover, the critical velocities of CASE2 and CASE3 are governed by divergence of the 1st mode. In other words, the increase of viscosity is Table3 Characteristics of fluid
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Vol. 5, No. 8, 2011 considered to accelerate flutter, and to suppress divergence. Besides, in the present analysis, the viscosity force such as a friction force is not added on a beam directly, and only the pressure is considered. 
Influence of Fluid Viscosity on Behavior of Root Locus in Vicinity of Critical Flow Velocity for Flutter
In the above-mentioned section, the influence of viscosity on the critical velocity is investigated by introducing a virtual fluid which has a constant density even if the viscosity changes. In case of a cantilever fixed at the upstream end, the increase of viscosity makes the system unstable. On the other hand, the increase of viscosity makes the case of a cantilever fixed at the downstream end, and the case of a simply support beam stable, respectively. These results are considered to be due to differences of vibration modes based on support conditions. Therefore, concerning CASE3, let us investigate the critical flow velocities of 2 nd mode flutter and 3 rd mode flutter in the vicinities of the critical flow velocity on root locus. The specifications of the fluid used in the calculation are given in Table 3 . Figure 9 shows the relations between the critical velocity and the viscosity of the fluid in case of the 2 nd mode flutter. When the flow velocity is comparatively lower than the critical velocity, that is, the real part of complex eigenvalue is in the negative region, the real part becomes small with increasing viscosity as shown by the change from (і) to (v) in Fig. 9(a) . The system is therefore stable. Moreover, the value of imaginary part crossing the zero line of real part becomes large with increasing viscosity. However, from the relation between the velocity and the real part in Fig. 9(b) , the critical velocity of flutter crossing the zero line of real part becomes low with increasing viscosity. Namely, the increase of viscosity makes the system unstable for flutter. Here, ν is the kinematic viscosity.
For the 3 rd mode, the same result as for the 2 nd mode is found. Figure 10 shows the result for the 3 rd mode. 
Influence of Fluid Viscosity on Behavior of Root Locus in Vicinity of Critical Flow Velocity for Divergence
As for the divergence of the 1 st mode of CASE3, the influence of fluid viscosity on the stability of the system is investigated. Figure 11 (a) shows the root locus in the vicinity of the critical velocity. It is found from this figure that the 1 st eigenvalue moves to the stable side with increasing viscosity. Moreover, the stabilization effect can be recognized due to the increase of viscosity from Fig. 11(b) which shows the relationship between the velocity and the real part of the eigenvalue. That is, the critical velocity is found to increase with increasing viscosity. From the foregoing, the increase of fluid viscosity makes the critical velocity of divergence high, and contributes to the stabilization of the system. 
Influence of Structural Damping on Critical Flow Velocity
Here, the influence of structural damping of the beam on the stability of the system is investigated. The change of critical velocity is examined when the damping ratio of the structure is assumed to be 0%, 1%, 5%, 10% for CASE1, CASE2 and CASE3. Figure 12 shows these results. Figure 12 (a), 12(b) and 12(c) show the relationships between the structural damping and the critical flow velocity of CASE1, CASE2 and CASE3, respectively. The critical velocity of CASE1 is governed by the 2 nd mode flutter. From Fig. 12 (a) , it is found that the system is stabilized as the real part becomes small by moving to the negative side of root locus when the structural damping increases. On the other hand, the critical velocity in CASE2 of Fig. 12 (b) is governed by the 1 st mode divergence. Although the system also becomes stable by moving to the negative side of root locus when the structural damping increases, the critical velocity does not go up like in CASE1. This tendency can be confirmed in CASE3 of Fig. 12 (c) . The critical velocity of CASE3 as well as CASE2 is governed by the 1 st mode divergence. The critical velocity of divergence is found not to become high with increasing structural damping. From these figures, it is concluded that
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Vol. 5, No. 8, 2011 structural damping shows effects of stabilization only for a flutter phenomenon though it makes a system move to safer side in root locus for both flutter and divergence. As for the physical reason for this fact, it is thought that structural damping does not affect the system as the dynamics is governed by a static problem in stead of a dynamic problem at the moment when divergence occurs. 
Conclusions
(1) The critical velocities of flutter and divergence are found to be strongly influenced by the differences in support conditions of elastic beam structures.
(2) Fluid viscosity is found to have a destabilizing effect on flutter and a stabilizing effect on divergence for a system which the pressure of the fluid is dominant. (3) Structural damping has a stabilizing effect on flutter. However, it does not show a stabilizing effect on divergence in the vicinity of critical velocity.
